Abstract: A configuration space of homologous protein sequences (or CSHP) has been recently constructed based on pairwise comparisons, with probabilities deduced from Z-value statistics (Monte Carlo methods applied to pairwise comparisons) and following evolutionary assumptions. A Z-value cut-off is applied so as proteins are placed in the CSHP only when the similarity of pairs of sequences is significant following the Theorem of the Upper Limit of a score Probability (TULIP theorem). Based on the positions of similar protein sequences in the CSHP, a classification can be deduced, which can be visualized as trees, called TULIP trees. In previous case studies, TULIP trees where shown to be consistent with phylogenetic trees. To date, no tool has been made available to allow the computation of TULIP trees following this model. The availability of methods to cluster proteins based on pairwise comparisons and following evolutionary assumptions should be useful for evaluation and for the future improvements they might inspire. We developed a web server allowing the local or online computation of TULIP trees based on the CSHP probabilities. The input is a set of homologous protein sequences in multi-FASTA format. Pairwise comparisons are conducted using the Smith-Waterman method, with 100-1,000 sequence shuffling to estimate pairwise Z-values. Obtained Z-value matrix is used to infer a tree which is then written to a file. Output consists therefore of a Z-value matrix, a distance matrix, a TULIP treefile in NEWICK format, and a TULIP tree visualisation. The TULIP server provides an easy-to-use interface to the TULIP software, and allows a classification of protein sequences based on pairwise alignments and following evolutionary assumptions. TULIP trees are consistent with phylogenies in numerous cases, but they can be inconsistent for multi-domain proteins in which some domains have been conserved in all branches. Thus TULIP trees cannot be considered as conventional phylogenetic trees, following the MIAPA (Minimum Information About a Phylogenetic Analysis) recommendations. A major strength of the TULIP classification is its statistical validity when analysing samples including compositionally unbiased and biased sequences (i.e. with biased amino acid distributions), like sequences from Plasmodium falciparum. The TULIP web server is a service of the Malaria Portal of the University of Pretoria, South Africa, and is available at
INTRODUCTION
Evolutionary analysis of genes or proteins is based on sequence comparisons. Since Felsenstein introduced the PHYLogeny Inference Package (PHYLIP) in the 1980's [1] , phylogeny is classically predicted based on multiple sequence alignments. In this paper, these methods are called 'multiple alignment-based' (MAB) methods, also known as 'multiple sequence alignment' (MSA) methods. In the mid-1990's, Doolittle [2] proposed a possible alternative to infer the molecular phylogeny of proteins based on pairwise sequence alignments. Here, these methods are called 'pairwise alignment-based' (PAB) methods.
MAB approaches are currently the standard for molecular phylogeny inference and are advised for publication of *Address correspondence to these authors at the UMR 5168 CNRS-CEA-INRA-Université Joseph Fourier; Institut de Recherches en Technologies et Sciences pour le Vivant, CEA Grenoble, 17 rue des Martyrs, 38054, Grenoble Cedex 09, France; E-mail: eric.marechal@cea.fr; olivier.bastien@cea.fr phylogenetic trees following the MIAPA (Minimum Information About a Phylogenetic Analysis) checklist (http://www.mibbi.org/index.php/projects/MIAPA; [3] ). A well known property of MAB methods is that the addition of sequences helps the reconstruction of the phylogeny of sequences that have strongly diverged [4] . This property is an advantage, when one is able to increase the number of sequences used for a phylogeny inference (improving the output by adding input sequences). The MAB methods rely on different hypotheses regarding the evolution of sequences and the validity of the mathematic approaches used to reconstruct phylogenies. This prevents methods to be theoretically compared: it is difficult to assess that one method is better than another, based on theoretical arguments, and usually different methods are pragmatically applied to a given set of protein sequences, and a consensus result is considered as a valid. The comparison of MAB methods and others that do not use multiple alignments shows that no method "recovers the correct phylogeny as accurately as does an approach based on maximum likelihood distance estimates of multiply aligned sequences" [5] . Although comparative analysis supports the use of MAB methods to reconstruct phylogenies, and helps defining an unambiguous standard that biologist can rely on for publications, the availability of alternative methods is still useful for evaluation, and to help future improvements they might inspire.
In PAB approaches, the addition of new sequences does not alter the pre-existing pairwise comparisons and the outputs are therefore intrinsically stable regarding addition or removal of data. This can be considered as a drawback since classifications cannot be 'improved' by addition of new data; however, if the mutual information shared by pairs of sequences is conserved, PAB classification is expected to reflect the complete information of the system, and simply not require improvement by adding more samples. This property is an advantage for the clustering of large databases of biological sequences, since the addition of new sequences does not necessarily requires the recalculation of previous alignments. This is why different clustering methods based on pairwise comparisons of proteins have been proposed, using either E-value (COG [6] , TribeMCL [7] , ProtoNet [8] , ProtoMap [9] , SIMAP [10] , SYSTERS [11] ) or Z-value statistics (Decrypthon [12] , TeraProt [12] , PhytoProt [13] , CluSTr [14] ). Recent use of PAB classification for an automatic inference of phylogeny includes OrthoMCL [15] , based on pairwise BLAST comparisons and the computation of evolutionary distance based on E-value statistics (for review, [12] ).
Numerous excellent tools have been developed for MAB phylogeny reconstructions. Popular methods for phylogeny reconstructions include PHYLIP [1] , PAUP [16] , MEGA [17] , PhyML [18] , MAFFT [19] , RAxML [20] , MrBayes [21] , GARLI [22] etc. Outputs are treefiles. Nodes are positioned when two ancestral sequences were predicted to have diverged. Software for multiple alignments, phylogeny reconstructions and tree representations are provided independently or as parts of packages. They can be accessed online via repository sites that allow users to design workflows combining some of the most popular programs.
To explore the potential of PAB approaches to classify proteins following evolutionary assumptions [2] , we designed a spatial representation of protein sequences (the Configuration Space of Homologous Proteins or CSHP), with probabilities deduced from Z-value statistics (Monte Carlo methods applied to pairwise comparisons) [23] . A sequence is placed in the CSHP based on pairwise alignments with other sequences. A Z-value cut-off is applied so as proteins are placed in the CSHP only when the similarity of pairs of sequences is significant following the Theorem of the Upper Limit of a score Probability (TULIP theorem) [24] . By default this cut-off value is 8. Based on the positions of similar protein sequences in the CSHP, a classification can be deduced, which can be visualized as trees, called TULIP trees [23] . In previous case studies, TULIP trees where shown to be consistent with phylogenetic trees [23] . The higher accuracy of Z-value over E-value statistics has been discussed and tested [12, [23] [24] [25] . In particular, Z-value statistics are valid when comparing sequences of very different amino acid compositions, an interesting feature to help the analysis of compositionally biased sequences. Calculations of Z-values are quite CPU intensive compared to E-values, and some limitations of the Z-value have been reported [25] . The probability deduced from Z-value statistics to build TULIP trees has been recently refined [26] . Trees calculated from this PAB model are called TULIP trees [23] .
To date, no tool has been made available to allow the computation of TULIP trees following this model. The TULIP web server was therefore developed to allow an easy computation of Z-values and deduced classifications. It also provides statistics on amino acid distribution of the submitted sequences. Fig. (1) . Outline of the TULIP web server.
PRINCIPLES OF THE TULIP SOFTWARE
Given a set of homologous sequences, the TULIP method consists of computing the optimal pairwise alignment of each pair of sequences a and b, using the Smith and Waterman algorithm [27] , measured by a score s(a,b). Alignments of shuffled sequences from a and b (variables corresponding to the shuffled sequences are termed a* and b* respectively) allow the estimate of an empirical mean score ( μ ) and standard deviation ( ) from the distribution of the random variable *) *, ( b a S . A Z-value (also termed Z-score; [28] ) is then defined as:
The computation of Z depends on the estimation of μ and , and on the number of shuffling, ranging from 100 to 1,000. The asymptotic law of Z-values was shown to be independent of the length and amino acid distribution of sequences [24] .
The TULIP theorem [24] further assesses that 1/Z 2 is an upper limit to the probability of the alignment score and that Z-values can be used as a statistical test and a robust singlelinkage clustering criterion for sequences' classification. Furthermore, the table of Z-values obtained from all pairwise comparisons allows the computation of a distance matrix and a reconstruction of a tree. Evolutionary distance t(a,b) [26] . The TULIP software computes this distance between two sequences a and b. Fig. (2) . TULIP web server main input: TULIP tree reconstruction from a set of protein sequences. Parameters for sequence alignments (substitution matrices) and Monte Carlo simulations (number of sequence shuffling) can be defined. Up to 50 sequences can be submitted. Larger sample sets can be analyzed upon request or using the free downloadable version of the software.
OUTLINE OF THE TULIP SERVER
The TULIP server is the web interface to the TULIP software, deducing trees from pairwise Z-value matrices. As shown in Fig. (1) , the user can obtain the TULIP tree file by submitting a set of protein sequences (pasting sequences in FASTA format or uploading a FASTA file) or by directly uploading a Z-value matrix file. In the first case, the TULIP software computes the Z-value matrix, using the SIM program (Smith and Waterman algorithm, [27] ) for the sequence comparison. The Z-value matrix is used to infer a tree which is then written to a file. (using the neighbor program of the PHYLIP package). Additional amino acid profile analyses are performed to help users visualize whether the initial set of sequences had divergent amino acid distributions, and therefore help indicating compositionally biased sequences that might coincide with evolutionary divergences in the returned tree. Result files are sent via email, together with a link to a result page on the server, with a unique identifier. This page displays a graph representation of the computed TULIP tree, provides links to all results and links to alternative methods for tree representations.
IMPLEMENTATION
TULIP interface is implemented in the PHP language. The TULIP software is implemented in Perl and C. A first module runs the TULIP software by a set of PERL scripts. Sequence randomization, SIM pairwise alignments, Z-value and distance calculations are made via C and PERL scripts. The core module for local Z-matrix computations is freely downloadable for Linux and Windows. Graphical displays of amino acid profile analyses provided by a second module are created using GD and JpGraph libraries. The server is 2x Quad-core CPU Intel system with 8GB RAM, running SuSE Linux 10.2.
Input Form
The input is a set of protein sequences in multi-FASTA format (as a pasted text or uploaded file) (Fig. 2) . The input page also allows the definition of some parameters for the Monte Carlo simulation: for each pairwise comparison, the substitution matrix (default = BLOSUM 62) and the number of randomizations (100 or 1,000; default = 100) can be determined by users. Different substitution matrices can be selected, of the PAM and BLOSUM series, helping users to compare results with alternative methods utilizing the same matrices, and allowing the future implementation of novel matrices. A derived Z-value matrix is computed. The user may alternatively provide a pre-calculated Z-value matrix (Fig. 3) . The Z-value matrix is then used to compute a distance matrix following [26] .
Outputs
Main outputs include the Z-value table (Fig. 4A) , the computed distance matrix (Fig. 4B) and the protein classifi- Fig. (3) . TULIP web server alternative input: TULIP tree reconstruction from a Z-value matrix. A file corresponding to all pre-calculated pairwise Z-values of up to 100 sequences can be submitted. Larger sample sets can be analyzed upon request or using the free downloadable version of the software. cation based on this distance matrix. The TULIP tree is provided as a treefile in NEWICK format (Fig. 4C) and a simple graphical visualisation (Fig. 4D) . Links to other servers to obtain different graphical representations of the TULIP tree are also provided.
An analysis of the length (Fig. 5A) and amino acid distribution (Fig. 5B, 5C ) of the input sequences is additionally returned. Both a global amino acid profile for each of the submitted sequences and a "GARP vs FYMINK" statistical repartition are created, by a set of PHP scripts, using GD and JpGraph libraries. "GARP" stands for the amino acid markers of GC-rich codons, i.e. Glycine, Alanine, Aspartic acid and Proline; "FYMINK" stands for the amino acid markers of AT-rich codons, i.e. Phenylalanine, Tyrosine, Methionine, Isoleucine, Asparagine and Lysine [29] . The "GARP vs FYMINK" plot allows therefore the detection of possible compositional biases, due to trends in the AT/GC ratio in the initial protein set [29] . Additional outputs provided by the TULIP server consist therefore of radar plot graphs showing the amino acid profiles of each protein (Fig. 5B) and a "GARP vs FYMINK" plot for the complete set of sequences (Fig. 5C) . This information, which is usually not provided by other protein clustering servers, are valuable to point some features in the TULIP tree that might be related to important length alterations and/or strong nucleotidic compositional trends (GC or AT enrichment), underlying divergences at the amino acid level.
ACCESS, TESTING AND PERFORMANCE
The TULIP server has been tested on Microsoft Internet Explorer, Netscape and Mozilla Firefox. The server is available at http://malport.bi.up.ac.za/TULIP/ as one of the services of the Malaria Portal of the University of Pretoria. The number of sequences for submission is restricted to 50, but larger sample sets can be analyzed upon request. Output from 12 sequences (~500-1000 amino acid-length; 100 sequence shuffling), is returned in less than 10 min. Accuracy is gained by setting the number of shuffling to 1,000. If users submit pre-calculated Z-value matrices, the number of analyzed sequences is restricted to 100. Output from a 50 x 50 Z-value matrix is returned in less than 5 seconds. Larger sample sets can be analyzed upon request or using the free downloadable version of the software (http://malport.bi.up. ac.za:7070/downloads/tulip). The TULIP software is available for Linux and for Windows.
CONCLUSIONS
The TULIP server is an easy-to-use web interface to the TULIP program and the first online PAB method for protein classification following evolutionary assumptions, based on the TULIP theorem and corollaries. The TULIP server was initially developed to allow the comparative analyses of proteins including sequences of Plasmodium falciparum, the malaria causative agent, which are atypical due to their strong amino acid compositional bias, low complexity and being 20% longer than their homologues. The TULIP server therefore finds a specific use for samples including sequences of different lengths, complexity and amino acid distributions such as malaria proteins. TULIP trees are consistent with phylogenies in numerous cases reported earlier, but they can be inconsistent for multi-domain proteins in which some domains have been conserved in all branches. For example, in some cases, it is possible that after a comparison of three sequences a, b and c, the ab, ac and bc may not overlap, being a clear limit of the method. Thus TULIP trees cannot be considered as conventional phylogenetic trees, following the MIAPA (Minimum Information About a Phylogenetic Analysis) recommendations. The availability of methods to cluster proteins based on pairwise comparisons and following evolutionary assumptions should therefore be used with caution, be useful for evaluation and for future improvements they might inspire. A major strength of the TULIP classification is its statistical validity when analysing samples including compositionally unbiased and biased sequences (i.e. with biased amino acid distributions), like sequences from Plasmodium falciparum.
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